PC1 2 cells contain a synapsin l-like molecule. Several serum and monoclonal antibodies raised against bovine brain synapsin I bind to and precipitate this molecule, demonstrating immunochemical similarity between the brain and PC12 species. PC12 synapsin I, like brain synapsin I, is a phosphoprotein:
It is phosphorylated in intact cells and, when partially purified, serves as a substrate for several synapsin I kinases. PC1 2 cell synapsin I is structurally similar to brain synapsin I as shown by peptide mapping of %-methionineand 32P-phosphate-labeled molecules from the 2 sources. Chronic NGF treatment of the cells induces a significant increase in the amount of synapsin I relative to total cell protein, measured either by immunolabeling or incorporation of %-methionine.
The synapsin I present in untreated PC1 2 cells migrates predominantly as a singlet and that present in cells treated chronically with NGF as a doublet in SDS-PAGE.
Synapsin I is a phosphoprotein present in virtually all neurons, where it is found in association with small synaptic vesicles (DeCamilli et al., 1983a, b; Huttner et al., 1983; Navone et al., 1984) . The phosphorylation of synapsin I is regulated by neuronal activity. For example, stimulation of neuronal preparations by neurotransmitters (Nestler and Greengard, 1980; Dolphin and Greengard, 198 1; Tsou and Greengard, 1982; Mobley and Greengard, 198 5) or by impulse conduction at physiological frequencies causes marked, reversible increases in the state of phosphorylation of synapsin I. The appearance of synapsin I during development correlates with synapse formation (Lohmann et al., 1978) . In vitro translation reactions directed by polysomes isolated from developing rat brain have shown that the synthesis of synapsin I is greatest at the time of maximal synaptogenesis (DeGennaro et al., 1983) .
PC12 is a clonal cell line derived from a rat pheochromocytoma (Greene and Tischler, 1976) . When cultured in the presence of NGF for several days, these cells become electrically excitable, grow long branching neurites, and undergo several biochemical changes (Greene and Tischler, 1982) . They have therefore proved useful as a model system for the study of NGF action on the developing neuron.
Adrenal chromaffin cells and sympathetic neurons share a neural crest origin and many other similarities (Coupland, 1965; Weston, 1970) . Nevertheless, normal rat adrenal chromaffin cells do not, whereas sympathetic neurons do, contain synapsin I (DeCamilli et al., 1979; Fried et al., 1982) . To better understand the developmental regulation of synapsin I, it was therefore of interest to study synapsin I in PC 12 cells and its possible alteration upon treatment of the cells with NGF. This paper characterizes the synapsin I present in PC12 cells and demonstrates effects of long-term NGF treatment of the cells on the phosphoprotein. The accompanying paper (Roman0 et al., 1987) demonstrates that short-term NGF treatment of PC1 2 cells results in the phosphorylation of synapsin I at a novel site. Some of the results have been briefly presented elsewhere (Roman0 et al., 1984) .
Materials and Methods
Cell culture. In some experiments, PC12 cells were grown as described Tischler, 1976, 1982) in medium consisting of 85% RPM1 1640 medium, 5% fetal bovine serum, and 10% heat-inactivated horse serum (KC Biologicals). In other experiments, PC12 cells were grown in 85% Dulbecco's modified Eaele's medium (DMEM). 10% fetal bovine serum, and 5% heat-inactivate; horse serum: Cells w&e maintained on tissue culture plastic, at 37"C, in a humidified atmosphere of 95% air, 5% CO,. For experiments requiring exposure to NGF, cells were grown on collagen-coated dishes (rat-tail tendon collagen, prepared by the method of Bomstein, 1958) . One rat tail provided 250 ml of collagen solution, and 1 drop was used per 35-mm dish. The medium for these experiments contained either 2.5 S NGF (50 rig/ml) prepared from adult male mouse submaxillary glands as described by Mobley et al. (1976) or 7s NGF (0.25 pg/ml) prepared from adult male mouse saliva (Burton et al., 1978) . and was changed every third day.
Labeling'ofcells. Cultures were washed twice with HEPES-buffered saline (HBS: HEPES. 25 mM: NaCl. 154 mM: KCl. 5.6 mM: CaCl,. 2.0 I I I I _I mM; MgCl,, 1.0 mM). Total cellular proteins were then labeled by incubation for 1 hr in a humidified atmosphere at 37°C with either '%-methionine (specific activity; 1300 Wmmol; Amersham) at 0.05-0.2 mCi/ml in DMEM prepared free of methionine or with 32P-phosphoric acid (carrier-free; New England Nuclear) at 0.5 mCi/ml in DMEM prepared free of phosphate. After removal of the labeling medium, the cells were rinsed with ice-cold HBS and then taken up in 1% SDS. The solubilized extract was boiled, sonicated, and either processed immediately for immunoprecipitation or stored frozen at -20°C. Immunoprecipitation.
Because synapsin I is not an abundant protein in PC12 cells, a highly specific, "2-cycle" immunoprecipitation procedure was developed to purify it sufficiently for analysis. SDS-solubilized, labeled extracts were added to an equal volume of NET buffer (NET: NaCl, 200 mM; EDTA, 10 mM; Tris, 100 mM; pH 7.4) containing the nonionic detergent Non-idet P40 (NP40) at 5% (voVvo1) and 100 mM NaF. The final volume was usually 1 ml. Excess serum or monoclonal antibody raised against bovine brain synapsin I was added. for another 30 min. The suspension was microfuged and the supematant discarded. The pellet was resuspended in 0.5 ml of 1% SDS (resuspension was aided by gentle probe sonication). This disrupted the antigenantibody-protein A interactions, irreversibly denatured the antibody, and resolubilized the partially purified synapsin I. The suspension was microfuged and the supematant added to an equal volume ofNET buffer containing detergent and fluoride as above. Antibody was added, and the immunoprecipitation repeated. The pellet from this second cycle of immunoprecipitation was washed once in NET buffer, suspended in SDS-PAGE sample buffer, boiled, and microfuged, the supematant was analyzed by SDS-PAGE according to Laemmli (1970) in 7.5% polyacrylamide gels. All of the above steps were carried out at room temperature. Control experiments were performed in which addition of radiolabeled bovine brain synapsin I to unlabeled PC1 2 cell SDS homogenates and immunoprecipitation by the 2-cycle procedure resulted in a final recovery of gO-85%. The amount of endogenously labeled PC12 synapsin I recovered was linear with the amount of extract added, indicating quantitative precipitations.
Quantitation of in situ-labeled synapsin I. Dried gels that had been treated with EN~HANCE (New England Nuclear) were exposed to Kodak XAR film "flashed" according to Laskey and Mills (1975) to increase sensitivity. Protein bands were quantitated either by cutting them out of the dried gel using the autoradiogram as a guide and counting in a liquid scintillation spectrometer or by densitometry with a Zeineh scanning densitometer using visible light and determining peak area by cutting and weighing. The 2 methods gave equivalent results.
Peptide mapping. Peptide mapping after limited proteolysis with Staphylococcus aureus protease was performed in 15% polyacrylamide gels according to Cleveland et al. (1977) as modified by Huttner and Greengard (1979) .
Immunolabeling of gel transfers. Proteins were electrophoretically transferred from polyacrylamide gels to nitrocellulose sheets (S & S, 0.2 brn pore size) at 20 V for 4-6 hr by the method of Towbin et al. (1979) . In the standard procedure, the sheets were then processed as follows:
(1) fixation in isopropanol/acetic acid/water (25: 10:65, vol/vol/vol), 15 min; (2) washing with several changes of water over 15 min; (3) incubating in a wash buffer [20 mM sodium phosphate, 100 mM sodium chloride, pH 7.4, containing 0.1% Tween-20 to block nonspecific adsorption of proteins to the nitrocellulose (Batteiger et al., 1982) ], 30 min; (4) incubating in a 250: 1 dilution of antibody in wash buffer, 60 min; (5) washing out antibody with several changes of wash buffer, over Figure 2 . Immunological characterization of PC 12 synapsin I. Le$, PC 12 cellswere incubated in medium containing 35S-methionine for 1 hr and then solubilized in 1% SDS. Immunoprecipitation of 3sS-methionine-labeled synapsin I from these homogenates was performed using various polyclonal rabbit (lanes 1-4) or monoclonal mouse (lane 5) antibodies raised against purified bovine brain synapsin I. In lane 2, excess pure bovine synapsin I, purified according to Ueda and Greengard (1977) , was present during the immunoprecipitation. Right, PC 12 cells were incubated in medium containing 32P-phosphate for 1 hr and then solubilized in 1% SDS. Immunoprecipitation was performed using several polyclonal rabbit antibodies (lanes 3-6) or normal rabbit serum (lane 2). Lane 1 contains phosphorylated rat brain synapsin I as standard. upper lower 60 min; (6) incubating in a 3000: 1 dilution of affinity-purified goat antirabbit IgG coupled to HRP (Bio-Rad) in wash buffer, 60 mitt; (7) washing out antibody with several changes of wash buffer followed by several changes using wash buffer without Tween-20, over 60 min; (8) incubating in peroxidase substrate solution [50 ml wash buffer without Tween-20, 10 ml of 3 mg/ml 6-chloronaphthol in methanol, 0.1 ml 30% hydrogen peroxide (Towbin et al., 1979) ], 60 min. Developed sheets were washed in water, wrapped in plastic wrap, and stored in the dark.
Results
Characterization of synapsin I from PC12 cells PC 12 cells contain a molecule that cross-reacts with antiserum raised against bovine brain synapsin I (Fig. 1) . The concentration of this molecule in PC 12 cells is lower than that of synapsin I in rat brain: Roughly an order of magnitude less brain protein provides a comparable signal by this immunolabeling technique. The molecules from brain and PC 12 cells are qualitatively different. Brain synapsin I can be resolved as a discrete doublet composed of synapsin Ia and synapsin Ib, the PC12 molecule is a heterogenous species (see Roman0 et al., 1987, Figs. 1 and 2) whose predominant member is a singlet (Fig. 1) having a mobility between that of brain synapsin Ia and of synapsin Ib. All serum and monoclonal antibodies against bovine brain synapsin I that have been tested provided the same pattern of immunolabeling in gel transfers as that shown in Figure 1 and precipitated the molecule from 3%methionine-labeled PC 12 cell SDS homogenates (Fig. 2, left) . This precipitation was specifically prevented when excess unlabeled bovine brain synapsin I was present during the antibody incubation. These data indicate that the PC12 cell synapsin I-like molecule is closely phosphate PC PCc B upper lower related immunologically to brain synapsin I, and we shall henceforth refer to it as "PC1 2 synapsin I." PC1 2 synapsin I is a phosphoprotein, as shown by immunoprecipitation from SDS-homogenates of 3ZP-phosphate-labeled PC12 cells (Fig. 2, right) . All serum and monoclonal antibodies against bovine brain synapsin I that have been tested precipitated the phosphoprotein.
Synapsin I from mammalian brain is nearly quantitatively extracted by 11 mM citric acid (Forn and Greengard, 1978) .
Similarly, when 35S-methionine-labelled PC 12 cells were homogenized in 11 mM citric acid, the immunoprecipitable synapsin I was nearly quantitatively extracted. Limited protolysis mapping (Huttner and Greengard, 1979 ) demonstrated structural similarities between rat brain and PC1 2 synapsin I (Fig. 3) . This was seen in both the YS-methioninelabeled molecules and the 32P-phosphate-labeled molecules.
Data presented in the accompanying paper (Roman0 et al., 1987) demonstrate that partially purified PC12 synapsin I, like rat brain synapsin I, can be phosphorylated by purified cyclic AMP-dependent protein kinase, calcium/calmodulin-dependent protein kinase I, calcium/calmodulin-dependent protein kinase II, and protein kinase C. Two-dimensional phosphopeptide fingerprint analysis of brain and PC12 synapsin I, phosphorylated by any one of these purified kinases, showed nearly identical patterns of phosphopeptides (Roman0 et al., 1987, Fig. 9) . This is further evidence of the extensive structural homology between brain and PC 12 synapsin I.
Glucocorticoids are essential for the normal development of chromaffin cells. For example, they are responsible for the main- tenance of the expression of phenylethanolamine N-methyl transferase, the epinephrine-synthesizing enzyme. Glucocorticoids did not alter the rate of synthesis of synapsin I in PC12 cells. Comparable amounts of synapsin I were synthesized by control cells and those grown with dexamethasone, corticosterone, hydrocortisone, or triamcinolone, each present at 10 PM, for periods of up to a week (data not shown).
Effect of chronic treatment with NGF A comparison of synapsin I in control PC 12 cells with that in PC 12 cells treated with NGF for long periods revealed differences in amount, rate of synthesis, and electrophoretic mobility. Relative to total cell protein, the treated cells contained more synapsin I, and it behaved as a doublet on SDS-PAGE (Fig. 4) . The increase in specific levels of immunoreactive PC 12 synapsin I began after a lag of 2 d and after 2 weeks of exposure to NGF, reached a plateau 3-fold greater than the basal level (Fig. 5) . Levels of synapsin I in untreated PC12 cells were independent of cell density or culture age (data not shown).
Exposure of PC1 2 cells to NGF for 14 d, but not for 1 d, caused an apparent increase of 1.8-fold in the rate of synthesis of synapsin I relative to total cell protein (data not shown). It remains to be determined whether NGF also affects the rate of degradation of synapsin I in PC 12 cells.
Discussion
Although synapsin I is present in virtually all neurons, it does not appear to be present in normal adult rat adrenal chromaffin cells (DeCamilli et al., 1979; Fried et al., 1982) . Moreover, in the present study, no synapsin I was found in extracts of adrenal glands from newborn or adult rats that were labeled in organ culture for several hours in the presence of 'S-methionine (unpublished observations). Since PC12 cells are derived from a rat chromaffin cell tumor (Greene and Tischler, 1976 ) the presence of synapsin I in untreated PC12 cells was not expected. Protein IIIa, which is related immunologically to synapsin I and which has an electrophoretic mobility on SDS-PAGE similar to synapsin I (Browning and Greengard, 1984) , is known to be present in normal adult rat adrenal chromaffin cells. For these reasons, a careful characterization of the synapsin I-like protein found in PC 12 cells was required.
By immunological criteria, PC1 2 synapsin I is much more closely related to authentic neuronal synapsin I than to protein III. All antibodies against brain synapsin I precipitated PC 12 synapsin I, including a monoclonal antibody that shows little, if any, cross-reactivity with brain protein III (Fig. 2 , left, lane 5, and unpublished observations). In contrast, antibodies raised against brain protein III did precipitate a distinct protein IIIalike molecule from PC1 2 cells (data not shown, but see accompanying paper, Fig. 1 ).
In addition to its immunochemical cross-reactivity, PC1 2 synapsin I is similar to brain synapsin I by several chemical criteria. Both were phosphorylated in intact preparations upon labeling with 32P-phosphate (present results; Krueger et al., 1977) . Both were acid extractable (present results; Fern and Greengard, 1978) . Finally, the 2 yielded nearly identical proteolytic products. This near identity was found whether the molecules were labeled either biosynthetically at methionine residues or by phosphorylation.
These data provide strong evidence for extensive structural homology between the brain and PC 12 cell molecules.
Treatment of PC 12 cells with NGF for 2 weeks caused a 3-fold increase in the amount of synapsin I above control. The concentrations of several other molecules are known to undergo increases of similar magnitude over this time course Salton et al., 1983) . Extensive morphological changes also occur with this time course, including neurite extension and the appearance of clear synaptic vesicles (Tischler and Greene, 1978) . Synapsin I appears to be exclusively associated with small clear vesicles even in nerve terminals where these organelles coexist with large dense-core neurosecretory granules (Navone et al., 1984) . Electron-microscopic immunocytochemical studies will be necessary to establish the subcellular localization of PC 12 synapsin I.
